Experimental and computational analysis of the mechanisms of ablative LIPSS formation is reported. The results of large-scale molecular dynamics simulation performed for Cr target reveal a complex interplay of material removal and redistribution in the course of spatially modulated ablation.
Introduction
Formation of laser-induced periodic surface structures (LIPSS) under laser irradiation is as old as the history of the laser [1] . These structures are already used and have a potential to be applied in various fields, including control over surface wettability [2] , improving adhesive [3] , decreasing coefficient of friction (COF) [4] and many others.
The origin of the universal phenomenon of LIPSS formation, observed on metals, semiconductors, dielectrics, and polymers irradiated at a broad range of laser wavelengths and pulse durations, is largely attributed to the interference of the incident laser wave and a surface scattered electromagnetic wave. The interference creates a periodic pattern of the absorbed laser energy along the irradiated surface, as established by Sipe et al. for metals [5] and generalized to other materials by Bonse et al. [6] . A periodic (modulated) absorption of laser energy by electrons during the laser pulse is only the first stage of the LIPSS formation. This stage results in a modulation of the lattice temperature along the surface, which has been shown to preserve up to tens of picoseconds even on surfaces of metals with high thermal conductivity [7] . While such time scale is sufficient for triggering the material melting and ablation, the longer-term post-irradiation processes leading to the material redistribution and/or removal within/from the surface layer of the target must play a paramount role in the final imprinting of the LIPSS on the surface.
In this work, we report the results of a combined experimental and computational study aimed at revealing the mechanisms of LIPSS formation in the ablation regime. Results of a large-scale atomistic simulation performed for a Cr target are related to the experimental observations and used for the analysis of the interplay of the material removal and rearrangement in the course of spatially modulated laser ablation leading to the formation of LIPSS. The insights into the mechanisms of the LIPSS formation may help in designing approaches aimed at increasing the processing speed and improving the quality of LIPSS.
Experiment details and computational model
The LIPSS were imprinted on <100> surface of Cr crystal using a commercial Yb-doped solid state laser system. It delivered 213-fs pulses at central wavelength 1030 nm with a spectral width of 15 nm (FWHM). Structure of the laser-modified surface was characterized with scanning electron microscope at magnification 10,000 and higher. Structure of the sub-surface layer was characterized by FEI Scios ultra-high-resolution analytical Dual-Beam system that reached the sub-surface layer by focused ion beam (FIB) technique.
The simulation is performed with a hybrid computational model combining a continuum level description of laser excitation of conduction band electrons and following electron-phonon equilibration based on two-temperature model (TTM) with a classical molecular dynamics (MD) representation of the non-equilibrium dynamics of laser-induced phase transformations and material decomposition [8, 9] .
Discussion and conclusions
The mechanisms of the single-pulse LIPSS formation in the regime of laser ablation is investigated in a large-scale TTM-MD simulation performed for a Cr target irradiated by a 200 fs laser pulse [10] . The irradiation is assumed to produce a spatially modulated energy deposition with the average absorbed fluence of 2500 J/m 2 , which is approximately 70% above the phase explosion threshold for Cr target. Fig. 1 A sequence of atomistic snapshots demonstrating formation of a liquid wall in the ablation process followed by rapture of the wall and generation of a solidified protrusion [10] .
As can be clearly seen from snapshots of atomic configurations shown in Fig. 1 , rapid materials redistribution in the spatially modulated ablation results in the formation of an elongated liquid wall extending up to 600 nm above the surface of the target at the locations of the minima of the laser energy deposition. The base of the liquid wall emerges from the foamy structure of interconnected liquid regions generated in the lower part of the ablation plume while the upper part forms through the coalescence of small liquid droplets pushed toward the center by the lateral component of the vapor pressure gradient. Moving by inertia upward, the liquid wall elongates and becomes thinner. The wall reaches its maximum length of 600 nm by 1300 ps, when it starts to decompose into separate liquid droplets. Meanwhile, the rapid electron heat conduction to the bulk of the target undercools the molten surface region and causes the upward motion of the solid-liquid interface. The solidification front reaches the base of the liquid wall by 500 ps, and the surface region of the target completely solidifies at 2100 ps, shortly after the last group of liquid droplets separates from the wall. The shape of the frozen surface feature and the interlaying microstructure of the subsurface region are related to the results of experimental measurements.
